Numerical modeling of the coupled ionic and fluidic transport in field-effect gated nanopores reveals highly nonlinear current-voltage characteristics, including cross-over, rectification, and particularly limiting and overlimiting conductance. The limiting and overlimiting characteristics are shown to be greatly enhanced by the inherently coupled fluid flow and correlate with electrokinetic phenomena such as concentration polarization and vortex formation. The underlying reason for the observed nonlinear characteristics is explained by considering the symmetry properties of the electrical biasing. © 2010 American Institute of Physics. ͓doi:10.1063/1.3457350͔ Nanofluidic devices based on nanochannels or nanopores have been extensively studied for active control of ionic [1] [2] [3] [4] [5] [6] [7] [8] and molecular 1,9,10 transport. The basic principle that underlies the active transport control is the modulation of the channel electrostatics via field effects, either by modifying surface charges at the channel walls 2,5 or by electrically biasing the potential at adjacent gate electrodes. 1, 3, 4, [6] [7] [8] [9] [10] In such devices, the ionic transport, fluidic transport, and channel electrostatics are inherently coupled, resulting in highly nonlinear current-voltage characteristics.
Nanofluidic devices based on nanochannels or nanopores have been extensively studied for active control of ionic [1] [2] [3] [4] [5] [6] [7] [8] and molecular 1, 9, 10 transport. The basic principle that underlies the active transport control is the modulation of the channel electrostatics via field effects, either by modifying surface charges at the channel walls 2, 5 or by electrically biasing the potential at adjacent gate electrodes. 1, 3, 4, [6] [7] [8] [9] [10] In such devices, the ionic transport, fluidic transport, and channel electrostatics are inherently coupled, resulting in highly nonlinear current-voltage characteristics. 6 Among the nonlinear characteristics, current rectification has been extensively explored. 6, 11 This letter will focus on another important nonlinearity, the limiting and overlimiting conductance, a phenomenon where the ionic current saturates under moderate driving biases but overcomes this saturation and rises rapidly under high biases. 12 Although commonly observed in permselective nanochannels accompanying electrokinetic phenomena such as concentration polarization ͑CP͒, fluidic vortex formation and dynamic instability, [12] [13] [14] [15] this conductance nonlinearity has not been investigated in detail in active nanofluidic devices. In this letter, we numerically model nonlinear transport within an electrically gated nanopore device and demonstrate gate-controlled limiting and overlimiting conductance. We also examine the correlation of the nonlinear conductance with CP and vortex formation, and reveal their physical origin by considering the symmetry properties of the electrical biasing.
Our model device consists of a 300 nm thick solid-state membrane with a cylindrically symmetric, 50 nm radius pore bridging two electrolyte reservoirs. A schematic showing the device with its embedded gate electrode is given in Fig. 1͑a͒ . The drain bias ͑V d ͒, applied between the drain and grounded source electrodes in the reservoirs, drives the transport processes. The gate bias ͑V g ͒, applied at the buried gate electrode, modulates the channel electrostatics via field effects.
We model the nanopore transport by self-consistently solving the coupled Poisson-Nernst-Planck ͑PNP͒ and Stokes equations under steady state conditions. Specifically, the ionic transport is governed by the continuum-based PNP equations as follows:
where is the electrostatic potential, q the elementary charge, C Ϯ the cation/anion concentrations, w the solution permittivity, Ϯ the cation/anion mobilities, D Ϯ the cation/ anion diffusion coefficients, and u ៝ the solvent velocity. The bulk salt concentration, C 0 , is approached at the top and bota͒ Electronic mail: yangliu@gloworm.stanford.edu. tom boundaries. Within the oxide regions, the electrostatics is governed by the Poisson equation. The fluid transport is modeled as an incompressible, Newtonian Stokes flow and governed by the Stokes-divergence equations, including the electrical body force term and ionic osmotic pressure
where p is the solvent pressure, ␥ the solvent viscosity, k B the Boltzmann constant, and T = 300 K the room temperature. The model details including the boundary conditions are described elsewhere. 8 For a given set of electrical biases V d and V g , the transport equations are solved to give the steady-state, terminal I-V characteristics,
Some physical parameters used in this study include the following: w =80 0 for water where 0 is the vacuum permittivity; symmetric ion mobilities + = − = 7.62 ϫ 10 −8 m 2 / V s for KCl; ox = 3.9 0 for SiO 2 ; and ␥ 0 = 0.001 Ns/ m 2 for water. The Einstein relation, D = k B T / q, is used. The bulk electrolyte concentration C 0 is 1 mM, corresponding to a Debye length ⌳ D of 10 nm. We model a charge-neutral nanopore surface to highlight the role of electrical gating. The presence of surface charges leads to additional gating that complicates the transport but the limiting and overlimiting conductance is generally observed in our simulations.
The major subject of this work is the drain current versus drain bias ͑I d -V d ͒ characteristics, as shown in Fig. 1͑c͒ . To understand the strong nonlinearity in I d -V d 's, we first examine the drain current versus gate bias ͑I d -V g ͒ characteristics and note that I d -V d and I d -V g plots are just different representations of the same device characteristics. Hence, their nonlinearities share the same physical origin. In Fig. 1͑b͒ , the simulated I d -V g curves exhibit a fourfold symmetry,
expected from the symmetries in device structure and in ion mobilities. Despite the fact that the pore radius is considerably larger than ⌳ D ͑R 0 Ϸ 5⌳ D ͒, significant gate modulation is observed. In a previous work, we analyzed this extended gating effect and attributed it to the descreening of the gating potential by strong ion transport. 8 Here, emphasis is given to the fact that the current is the greatest when the gate modulation is minimum, i.e., under symmetric biasing ͑V g =V d / 2͒. As V d shifts away from symmetric biasing, gate modulation significantly suppresses the current, as shown in Fig. 1͑b͒ .
By examining the I d -V d curves in Fig. 1͑c͒ , three features are of primary interest. First, the curves cross over each other at positive V d 's. Second, rectification is observed, where low and high conductance states are asymptotically approached at negative and positive V d 's, respectively. Third and most intriguingly, limiting conductance occurs at moderately positive V d 's, and overlimiting conductance at highly positive V d 's. Before analyzing these nonlinear features further in the following sections, it is worth noting that similar nonlinearities have recently been experimentally observed in the current-voltage characteristics of gated, conical-shape nanopores. 6 The cross-over occurs at V d =V g1 +V g2 for any two curves with gate biases of V g1 and V g2 , respectively. This is a direct manifestation of the symmetry properties observed in Fig. 1͑b͒ . The rectification in I d -V d 's is also explained by examining the I d -V g 's in Fig. 1͑b͒ , where the symmetry line of current peaks is at an angle to the vertical axis. For a specific positive V g ͑e.g., V g =2 V͒, the current approaches the symmetry line at more positive V d 's and reaches the high conductance regime. In contrast, the current moves away from the symmetry line and becomes suppressed at more negative V d 's. This asymmetry in the electrical biasing therefore leads to the rectification behavior.
More insight can be obtained by replotting the I d -V d 's for constant ⌬V g 's in Fig. 1͑d͒ , as compared to those for constant V g 's in Fig. 1͑c͒ . The transformation, ⌬V g =V g −V d / 2, counts the amount of gate potential from the symmetric bias condition. In this transformed representation, the characteristics of limiting and overlimiting conductance are more clearly observed. The I d -V d curve with minimum gating ͑⌬V g =0͒ is asymptotically approached by those with more significant gating ͑⌬V g Ͼ 0͒ at both negative and positive V d 's. Furthermore, both the cross-over and rectification are absent in this constant ⌬V g representation. This strongly indicates that they intrinsically associate with the limiting and overlimiting conductance and are essentially a manifestation of the symmetry properties of the electrical biasing in the constant V g representation.
To understand the limiting and overlimiting behavior, we study a specific I d -V d curve with a constant ⌬V g of 1.5 V in The key understanding of the limiting and overlimiting conductance is obtained by inspecting the normalized electrostatic potential, / V d , along the nanopore's longitudinal axis for the four bias conditions, as shown in Fig. 2͑b͒ . The effect of gate potential ͑⌬V g = 1.5 V͒ is to raise the potential inside the nanopore. This effect is the least significant in the case of low V d ͑case A͒, which is expected because the transport is near equilibrium and the gate potential is strongly screened by counter-ions. The insignificant gate modulation is consistent with the linear I d -V d characteristics in this regime. As V d increases, the counter-ion screening becomes suppressed due to enhanced transport, leading to a gate modulation of channel electrostatics far beyond ⌳ D . 8, 16 As a result, we observe a highly asymmetric potential profile in case B, where potential drop predominantly occurs at one side of the channel. In this regime, the current is limited by the strong gate modulation. As V d increases further so that V d / 2 Ն⌬V g , the gate potential continues to be less screened but cannot exceed its maximum limit, ⌬V g . Consequently, the relative impact of the gate modulation on the overall channel electrostatics becomes smaller, as shown by the reduced asymmetry in the normalized potential ͑cases C and D͒. In this regime, the symmetric biasing condition is reached in the limit as V d approaches infinity. The ionic conductance therefore asymptotically approaches that under the symmetric biasing, thus exhibiting the overlimiting behavior.
CP is also observed as a result of the electrical gating. In Fig. 2͑c͒ , the normalized total ion concentration, C = ͑C + + C − ͒ / 2C 0 , is shown in a logarithmic scale for the four bias conditions. In general, the ions deplete and accumulate at the bottom and top portions of the channel, respectively. The magnitude of CP is found to strongly correlate with the potential profiles in Fig. 2͑b͒ . The CP is insignificant in case A and becomes very strong in case B. It then gradually reduces as the overlimiting regime is reached in cases C and D. Such a correlation is expected: the ion concentration is low in the high-field region and vice versa to maintain ionic flux continuity.
The fluid transport is examined in Fig. 2͑d͒ , where the solvent velocity fields are shown for the four bias conditions. Induced electro-osmotic flow along the vertical direction is observed with an increasing magnitude from case A to case B. As the overlimiting regime is reached in case C, vortex formation is observed in the ion depletion zone at the bottom. The vortex flow is further enhanced in case D, and this trend continues as the symmetric biasing condition is asymptotically approached at higher V d 's.
As noted above, the association of vortex formation and overlimiting conductance has been experimentally observed in perm-selective nanochannels.
14, 15 Rubinstein et al. 13 proposed that the convective mixing by vortices reduces CP and causes the overlimiting conductance. However, that explanation does not apply to the gated nanopore device in this study. The impact of coupled fluid transport observed in this work is to suppress the current in the limiting regime rather than to raise it in the overlimiting regime. This is evident in Fig. 2͑a͒ , where the conductance difference due to viscosity change is actually smaller in the overlimiting regime than in the limiting regime. Further confirmation follows from inspection of the relative difference in ion concentration due to viscosity change from 10␥ 0 to ␥ 0 . 17 It is observed that the relative difference is reduced to below 15% in the overlimiting regime ͑case D͒, as compared to ϳ45% in the limiting regime ͑case B͒. We therefore conclude that, although their appearances are associated, the vortex formation is not the dominant cause of the overlimiting conductance in the gated nanopore device.
In summary, modeling of the coupled ionic and fluidic transport in field-effect gated nanopore devices reveals gatecontrolled, strongly nonlinear current-voltage characteristics, including cross-over, rectification, and limiting and overlimiting conductance. Correlations with electrokinetic processes such as CP and vortex formation have been demonstrated, and the crucial role of the inherently coupled fluid transport has been identified. The physical origin of these nonlinear characteristics has been explained by considering the symmetry properties of the electrical biasing. In particular, the limiting conductance results from asymmetric biasing, when the gating effect is significant, and the overlimiting conductance from more symmetric biasing, when the relative impact of the gating effect becomes smaller due to the dominance of the applied drain bias.
